ABSTRACT. We prove a Limiting Absorption Principle for Schrödinger operators in tubes about infinite curves embedded in the Euclidian space with different types of boundary conditions. The argument is based on the Mourre theory with conjugate operators different from the generator of dilations which is usually used in this case, and permits to prove a Limiting Absorption Principle for Schrödinger operators in singular waveguides.
INTRODUCTION
The purpose of this article is to prove a limiting absorption principle for a certain class of Schrödinger operators on a waveguide and to study the nature of their essential spectrum. To do this, we will use a general technique due to E. Mourre [Mou81] which involves a local version of the positive commutator method due to C.R. Putnam [Put56, Put67] . If we want to use this theory to prove a limiting absorption principle for a self-adjoint operator H, the idea is to search for a second operator A, which is taken in general self-adjoint, such that H is regular with respect to A in a certain sense and such that H satisfies the Mourre estimate on a set I in the following sense EpIqrH, iAsEpIq ě c 0 EpIq`K where EpIq is the spectral measure of H on I, c 0 ą 0 and K is a compact operator.
Let n P N, n ě 2 and Σ Ă R n´1 an open bounded set. Consider the straight tube Ω " RˆΣ. In this article, we will study many types of boundary conditions, mainly the Dirichlet and Neumann conditions. Thus we will suppose that the boundary of Σ is of class C 1 , but in certain cases, this assumption is not necessary (for Dirichlet boundary conditions for example). When we want to apply the Mourre theory to Schrödinger operators on waveguides, we usually used the following operator
yB y`By y 2i , with domain C 8 c pΩq. This operator is a generator of dilations only in the unbounded direction of the waveguide. We can easily show that this operator is essentially self-adjoint, that, if ∆ is a Laplacian on the waveguide (with Dirichlet, Neumann, Robin boundary conditions), ∆ P C 8 pAq and that, if V is the operator of multiplication by a function of class C 1 then rV, iAs "´q y B y V (see [Ben98, DDI98, DDI99, KTdA04] ).
Using this conjugate operator for the Dirichlet Laplacian, we can see the following ‚ There is θ ą 0 and C ą 0 such that |B y V pxq| ď Cp1`y 2 q´1`θ 2 , @x " py, σq P Ω.
Alors
(i) σ ess pHq " rκ, 8q with κ " inf T ;
(ii) σ sc pHq " H; (iii) σ p pHq Y T is closed and countable.
(iv) σ p pHqzT is composed of finitely degenerated eigenvalues, which can accumulate at the points of T only; (v) The limit Rpλ˘i0q " w*-lim µÑ0 Rpλ˘iµq exists, locally uniformly in λ P pκ, 8qzT outside of the eigenvalues of H, with Rpzq " pH´zq´1.
A similar result can be proved with Neumann boudary conditions by taking T the set of eigenvalues of the Neumann Laplacian on Σ. In this case, κ " 0.
In this article, we will study different types of conjugate operators to prove a Limiting Absorption principle. In section 2, we will see why a generator of dilations in all directions does not seem to be a good choice of conjugate operator to use the Mourre theory. In section 3, we will see how the choice of a conjugate operator with decay in the momentum variable permits to use the Mourre theory for Schrödinger operators on curved waveguide with singular potential when we want to prove a Limiting Absorption Principle far from thresholds. We will also see how to prove a Limiting Absorption Principle near thresholds.
A GENERATOR OF DILATIONS IN ALL DIRECTIONS
As it was said in the introduction, the use of a generator of dilations A only in the unbounded direction of the waveguide cause a problem near the eigenvalues of the Laplacian on Σ. We can think that this problem is due to the fact that, in the commutator between the Laplacian and A, the Laplacian does not appear in its entirely. An idea to solve that may be to take as conjugate operator a generator of dilations in all directions, like it is the case for Schrödinger operators on the Euclidian space. Here we will see that this choice of conjugate operator seems to be a bad choice.
2.1. Results. Let Σ be an open bounded connected set of R n´1 such that 0 P Σ, with a sufficiently regular boundary (we can suppose that the boundary is of class C 1 for example). Let Ω " RˆΣ be a waveguide. We consider the operator A 0 "´i2´1px¨∇`∇¨xq the generator of dilations in all directions with domain DpA 0 q " C 8 c pΩq. Now we will give some properties of this operator and its relation with Dirichlet, Neumann and Robin Laplacians.
Proposition 2.1.
( To begin, we will prove that A 0 is symmetric. Let f, g P DpA 0 q. we have:
To simplify notations, let F "
Then A 0 is symmetric. Moreover, we can remark that the assumption f P DpA 0 q is not necessary. In fact, under the assumption x¨∇f P L 2 pΩq, the previous computation stays true, boundary terms disappearing by Dirichlet conditions which are assumed for g. Thus, we have DpA0 q Ą tu P L 2 pΩq, x¨∇u P L 2 pΩqu. Moreover, by the definition of the adjoint, we can remark that if u P DpA0 q, then u is necesseraly in the set L 2 pΩq and, by (2.1), we can show the equality DpA0 q " tu P L 2 pΩq, x¨∇u P L 2 pΩqu. We can remark that if we have other conditions on the boundary of the waveguide (Neumann, Robin,...) for A 0 , this operator can not be symmetric because of the addition of boundary terms in (2.1). Now we will see if A 0 has a self-adjoint extension. For this, we will use the caracterisation of symmetric operators given in the Corollary at the begining of page 141 of [RS70b] We begin by the case λ ą 0. For φ P DpA 0 q, letφ its extension by 0 to R n .φ P C 8 c pR n q. For t ą 0, denote φ t pxq "φptxq. Since Σ is an open set which contains 0, for φ P DpA 0 q, there exist t 0 ě 1 such that φ t P DpA 0 q if t ě t 0 .
We know that φ t converge simply almost everywhere to ψ " 0 when t goes to`8. In particular, for all f P L 2 pΩq, pf, φ t q goes to 0 when t goes to`8 by dominated convergence. Let λ ą 0 and f P L 2 pΩq such that x¨∇`∇¨x 2i´i λ˙f " 0.
In particular, x¨∇f "´p n 2`λ qf P L 2 pΩq. Moreover f P DpA0 q. Thus, for φ P C 8 c pΩq, we have for t ě t 0 B t pf, φ t q " pf, B t φ t q " pf, x¨∇φqptxqq
Therefore, for t ě t 0 , pf, φ t q " pf, φq exp´pλ´n 2 q lnptq¯.
by taking the limit when t goes to`8, we deduce that for λ ě n 2 , pf, φq " 0 for all φ P C 8 c pΩq and then f " 0.
Thus, we have shown that KerpA0´iλIq " t0u for λ ě n 2 . Therefore, KerpĀ 0˚´i λIq " t0u for λ ě n 2 . By [RS70b, Theorem X.1] applied to the closure of A 0 ,we deduce that KerpĀ 0˚´i λIq " t0u for all λ ą 0. Now, we look to the case λ ă 0. Let f be a solution of the equation A0 f " iλf . We can write this equation with the form x¨∇f "´pλ`n 2 qf.
By composing with the unitary operator of convertion into polar coordinates, denoting pθ i q i"1,¨¨¨,n´1 angular variables, we can see that this equation can be written rB r f " pλ`n 2 qf . Thus, for λ ă´1´n 2 and C :s´π, πs n´1 Ñ R a function C 8 with compact support included in s´π, πr n´1 zt0u, this equation admits for solution the function h λ pr, θ 1 ,¨¨¨, θ n´1 q " Cpθ 1 ,¨¨¨, θ n´1 qr´λ´n 2 .
Remark that rB r h λ pr, θ 1 ,¨¨¨, θ n´1 q "´pλ`n 2 qh λ pr, θ 1 ,¨¨¨, θ n´1 q. Moreover, since λ ă´1´n 2 and C is bounded, h λ P C 1 pR n q. Since C has a compact support in s´π, πr n´1 zt0u, we can also remark that h λ P L 2 pΩq which implies that x¨∇h λ " rB r h λ P L 2 pΩq. Thus, we have h λ P DpA0 q. Therefore h λ P KerpA0´iλq which implies that dimKerpĀ 0˚`i q ą 0. Thus, we are in the setting of the point (3) of Proposition 2.2 which implies thatĀ 0 is maximal symmetric.
The point (1) of Proposition 2.1 is thus proved.
WithĀ 0 as conjugate operator, we can not use the classic Mourre theory but a Mourre theory adapted to maximal symmetric operators (see [GGM04] (1) There exists c ě 0 such that for all u P DpA˚q X DpSq and v P DpAq X DpSq, |pu, rS, Asvq| ď c}u} S }v} S , (2) There exist z P ρpSq such that tf P DpAq, Rpzqf P DpAqu is a core for A and tf P DpA˚q, Rpzqf P DpA˚qu is a core for A˚.
To simplify notations, let A 1 "Ā 0 the closure of A 0 . Let z P ρp∆q.
Let u P DpA1 q. Let v " p∆´zq´1u. Thus v satisfied p∆´zqv " u with Dirichlet, Neumann or Robin conditions on the boundary according to the Laplacian considerated.
To prove that v P DpA1 q, it suffices to show that x¨∇v P L 2 . By definition of v, we have
By assumptions, x¨∇u P L 2 . Thus v P DpA1 q. In particular, tf P DpA1 q, p∆´zq´1f P DpA1 qu " DpA1 q and is a core for A1 .
2.2. The case of Neumann and Robin Laplacian. Now, we will give the proof of point (2) of Proposition 2.1. To show that, we will try to apply Proposition 2.3. Remark that, by (2.2), the second part of assumption (2) of Proposition 2.3 is already proved. Thus, we will show that other conditions are not satisfied. We begin with the Neumann Laplacian.
Let z P ρp∆ N q and E " tf P DpA 1 q, p∆ N´z q´1f P DpA 1 qu.
Bn is the normal derivative. Moreover v P DpA 1 q. Thus vae RˆBΣ " 0. For f P L 2 pRˆΣq, denotef the Fourier transform of f with respect to the first variable y. Therefore v satisfies:
Let αpξq P C such that pαpξqq 2 " ξ 2´z and let
We can remark that w satisfies ∆ Σ w`pξ 2´z qw " 0. Moreover, since Σ is bounded, for all ξ P R, wpξ,¨q P L 2 pΣq. Then, we can define the linear map L :
Σf pξ, σqwpξ, σqdσ. By Green formula, we have for all u P E, Lpuq " 0. This implies that E Ă L´1pt0uq. But, if g P C 8 c pΣq, g " 0 and g ě 0, by denoting u 1 py, σq " expp´y 2 2 qgpσq, thenû 1 pξ, σq " u 1 pξ, σq ě 0 for all pξ, σq P Ω. Thus we obtain Lpu 1 q ą 0 and moreover u 1 P DpA 1 q. Since L is continuous, we deduce that E can not be dense into DpA 1 q. Thus it is not a core for A 1 which already proved that
Remark that if we replace Neumann boundary conditions by Robin boundary conditions, the same result appears. In fact, since v P DpA 1 q, v satisfies Dirichlet boundary conditions. Asking that v satisfies Neumann boundary conditions is then equivalent to the fact of asking that v satisfies Robin boundary conditions. Thus the Robin Laplacian is not of class C 1 pA 1 q.
For Neumann Laplacian, we can still search to know if the commutator is bounded from Dp∆ N q to its dual space. To do this, we will make the computation of the commutator between ∆ N and A 1 . To simplify computations, we will see only the case Σ "
We can remark that since Σ is a rectangle, the outwardly normal vector of Σ is a vector of the standrad basis (or the oposite of a vector from the basis). By Fubini Theorem and by integration by part, we obtain
The form domain of the commutator is equal to
Thus we have
Therefore, the first commutator is positive and one would think that the strict Mourre estimate is true on all intervall. Unfortunately, the Dirichlet Laplacian is not bounded with respect to the Neumann Laplacian (Dp∆ N q Ć Dp∆ D q), and then condition (1) of Proposition 2.3 is not satisfied.
Since the commutator is positive, we can ask if we can use Lemma 3.12 of [GGM04] for which it is not necessary for H to be regular with respect to A but only regular with respect to an operator H 1 such that there is c ą 0 with
where
1 s " 0 with appropriate domain, we can show that the condition (1) of Proposition 2.3 is satisfied with A " H 1 . On the other hand, as previously, we can show that tf P Dp∆ D q, p∆ N`z q´1f P Dp∆ D qu is not a core for ∆ D . Thus, the condition (2) of Proposition 2.3 is not satisfied. Therefore ∆ N R C 1 pH 1 q wich prevent us to use Lemma 3.12 from [GGM04] .
2.3. The case of Dirichlet Laplacian. Now, we will give the proof of point (3) of Proposition 2.1. To show that, we will try to apply Proposition 2.3. Remark that, by (2.2), the second part of assumption (2) of Proposition 2.3 is already proved. Thus, we will show that other conditions are satisfied.
Let py, σq P RˆΣ a point of the waveguide, A y D the generator of dilations in the direction y and A σ D the generator of dilations in the direction σ with Dirichlet boundary conditions. We can remark that A 1 can be written
Thus tf P DpA 1 q, p∆ D´z q´1f P DpA 1 qu is a core for A 1 .
To show that ∆ D P C 1 pA 1 q using Proposition 2.3, it remains to show that the commutator is bounded from the domain of ∆ D into its dual space.
To begin, we can remark
where ∆ Σ D is the Laplacian on Σ with Dirichlet boundary conditions. In particular, since our conjugate operator has the same form, we have, in the sense of sesquilinear form on Dp∆ D q X DpA 1 q:
Thus, it remains to compute r∆
Since the computation depends on Σ, we will only explain here the computation in two particular cases of Σ of dimension 2 (the rectangle and the unitary disc). For other cases, computations are quite similar.
Suppose that Σ " ra, bsˆrc, ds:
By Fubini Theorem and by integration by part, we have
By sum, we obtain for
For the term where k " 1, by Fubini Theorem, we can write ż
Thus, by integration by part, we have
Therefore, by sum, we obtain for
In the two cases, we can remark that all boundary terms can be seen as an integration on a part of the boundary of Ω of the function py, σ 1 , σ 2 q Þ Ñ σ 1 |B σ1 g| 2 py, σ 1 , σ 2 q or of the function py, σ 1 , σ 2 q Þ Ñ σ 2 |B σ2 g| 2 py, σ 1 , σ 2 q. For example the term
which appears in the computation of the commutator when Σ is the unitary disc R 2 , can be seen as the integral on the set tpy, σ 1 , σ 2 q P R 3 zσ 2 1`σ 2 2 " 1, σ 1 ě 0u of the function py, σ 1 , σ 2 q Þ Ñ σ 1 |B σ1 g| 2 py, σ 1 , σ 2 q, with the parametrisation of this set given by tpy, p1´σ 2 q 1{2 , σ 2 qzσ 2 P r´1, 1su. Thus, we can bounded from above in absolute value all boundary terms by the integral on BΩ of this two functions. Using that the trace of an function is a continuous operator from H 1 pΩq into L 2 pBΩq, since Σ is bounded by assumptions, we can see that this terms are bounded in norm H 2 pΩq. In particular, the commutator is bounded from Dp∆ D q to its dual space and thus ∆ D P C 1 pA 1 q.
Since the regularity C 1 is satisfied, we can try to know if the Mourre estimate is true for Dirichlet Laplacian with A 1 as conjugate operator. Let
Since the application Hp¨q is equal to zero almost everywhere, we can deduce that pHp¨qì q´1 is measurable. Thus, we can write the direct integral
For an interval I Ă R, this decomposition permits to write the spectral measure of ∆ D on I with the following form
with I m " tz P R, z`m P Iu. Remark that since ∆ Σ D has a compact resolvent, terms of the previous integral are all equal to zero exepted those for which m P pλ k q kPN . In particular, we can write this integral as the following sum
Remark that if I is bounded, since ∆ y is non-negative, E ∆y pI λ k q " 0 for k large enough (as soon as I λ k Ă p´8, 0q). In particular, when I is bounded, the previous sum is a finite sum.
Let I a bounded closed interval. We will try to know if the Mourre estimate on I with A 1 as conjugate operator is true. Let f P Dp∆ D q X DpA 1 q. We have:
Using that r∆ y , iA y D s " 2∆ y and the decomposition (2.3), we have:
Remark again that, since ∆ y is non-negative, E ∆y pI λ k q " 0 for all k large enough and thus sums are finite.
Since ψ k is an orthonormal family, the first term of the right hand side can be written:
In particular, if I does not contain any λ j , then 0 R I λ k which implies infpI λ k q ď 0 if and only if E ∆y pI λ k q " 0. Taken a " min kPN˚,I λ k Ăp0,`8q tinfpI λ k qu ą 0,we can show the following E ∆D pIq∆ y E ∆D pIq ě aE ∆D pIq.
It remains to treat the second part of the right hand side of (2.4). Since functions f k do not depend of the variable σ, we have:
To begin remark that if there is j P N˚such that I Ă pλ j , λ j`1 q and |I| ď inf
Thus the second term will not neither give some positivity of the commutator nor prevent the positivity. Thus, we have
which implies that the Mourre estimate is true on I when I does not contains any λ j and |I| ď inf
To use the Mourre theorem, we have to proove more regularity of ∆ D with respect to A 1 . As for the case where A is a self-adjoint operator, we can define the class of regularity C 1 u pAq if A is maximal symmetric: Definition 2.4. Let S be a bounded operator and A a maximal symmetric operator such that S P C 1 pAq. We say that S P C 1 u pAq if`Se iAt´eiAt S˘pitq´1 has rS, iAs as norm limit.
If S is unbounded, we say that S P C 1 u pAq if and only if for z P ρpSq, pS´zq´1 P C 1 u pAq Now we will prove that the Dirichlet Laplacian is not of class C 1 u pA 1 q by using a proof by contradiction. To simplify computations, we will only give details for the case Σ " r´1, 1s for which eigenvalues and eigenvectors of ∆ Σ D are well known (see p.266 of [RS70c] ), but similar proof can be used for other types of Σ. In the case Σ " r´1, 1s, eigenvalues are λ k "`π 2˘2 k 2 with k P N˚and associated eigenvectors are
By a simple computations, we have for k, l P Nż
If we suppose that ∆ D P C 1 u pA 1 q, then, since xq y y´1p∆ D`1 q´1xq y y´1 is compact, xq y y´1rp∆ D`1 q´1, iA 1 sxq y y´1 " xq y y´1p∆ D`1 q´1r∆ D , iA 1 sp∆ D`1 q´1xq y y´1 is a compact operator, as a limit in norm of compact operators.
Let g P H 2 1 pRq, g " 0. Let h m py, σq " gpyqpψ 4m´ψ4m`2 qpσq. Since pψ k q is an orthonormal family of eigenvectors of 1 b ∆ Σ , ph m q is an orthogonal family in G " H 1,y X Dp∆ D q with the norm }f } G " }xq y yp∆ D`1 qf }, where H 1,y is the space define by }f } H1,y " }xq y yf } L 2 . Thus, we have r∆ D , iA 1 s : G Ñ G˚compact. Moreover,
When m goes to infinity, we can observe the equivalence
(2.6)
By definition, pf m q is an orthonormal family of G. Thus we have
Since pf m q is an orthonormal family in G, the right hand side goes to 0 when m goes to infinity. Moreover, since lim
By a simple computation, we can show that
Thus, using (2.6),
Thus, by contradiction, we deduce that
Moreover, defining the space C 1,1 pA 1 q " pC 2 u pA 1 q, C 0 u pA 11{2,1 , we obtain the inclusion C 1,1 pA 1 q Ă C 1 u pA 1 q. Thus, the Dirichlet Laplacian is not of class C 1,1 pA 1 q, a class of regularity which is necessary for Mourre theorem.
Thus Proposition 2.1 is proved.
We can remark that if I contains λ j , by taking f " f j b ψ j , using (2.5), we have
since this term is not positive (0 P I λj ), we have a problem of threshold, as when we use A y D conjugate operator. To solve this problem using the method of the weakly conjugate operator (see [BG10] ), we can try to see if the commutator is non-negative and injective.
To simplify computations, we will only give the details for the case Σ " r´1, 1s.
Let g P H
2 pRq and k P N. Let f " g b ψ k`2´p´1 q k g b ψ k . By (2.4), we have:
Let h P H 2 pRq and let g w pyq " whpw 2 yq for all y P R. We can remark that
Thus replacing g in (2.7) by g w and making w go to 0, we can show that pf, r∆ D , iA 1 sf q is negative for w small enough. Thus, the commutator is not non-negative (neither injective) which prevent us to use the method of the weakly conjugate operator.
THE CASE OF THE CURVED WAVEGUIDE
In this section, we will prove a Limiting Absorption Principle for Schrödinger operators on curved waveguides. In the following, we will always suppose that n ě 2 and we will always be in the context of the article [KTdA04] . The purpose here is to generalize Theorem 3.4 from [KTdA04] , by limiting conditions on derivatives of the curvature of the waveguide.
3.1. Geometric preliminaries. To begin, we will recall some notions concerning geometric properties of waveguides, using notations of [KTdA04] .
Let p : R Ñ R n a function of class C 8 . Assume that Assumption 3.1. there is a collection pe k q k"1,¨¨¨n of smooth mapping from R to R n such that (i) For all y P R, pe k pyqq is an orthonormal family; (ii) For all k " 1,¨¨¨, n´1 and for all y P R, the k th derivative of ppyq lies in the span of e 1 pyq,¨¨¨, e k pyq; (iii) e 1 " p 1 ; (iv) For all y P R, the family pe k pyqq has the positive orientation; (v) For all k " 1,¨¨¨, n´1 and for all y P R, e 1 k pyq lies in the span of e 1 pyq,¨¨¨, e k`1 pyq.
By the Serret-Frenet formula, we know that there exist a matrix K with size nˆn such that B By pe k pyqq " Kpe k pyqq.
Moreover K satisfies:
, where κ i is the i th curvature of p.
From K, we can define the matrix nˆn of rotation R which satisfies R 1k " R k1 " δ 1k and for all i, j " 2,¨¨¨, n, we have
From the matrix R,we can define the family pẽ k q by pẽ k q " Rpe k q.
Let Σ a bounded open set of R n´1 and Ω the straight waveguide RˆΣ. We can define Γ as the image of Ω by the application
Assume that Γ does not overlap and that κ 1 P L 8 with sup
Γ is a diffeomorphism which permits to identify Γ with a Riemannian manifold pΩ, gq. Moreover, g " diagph 2 , 1,¨¨¨, 1q with
We will always assume that h is bounded from below by a positive constant which implies that the Riemannian metric g is inversible.
Now it remains to know what operator on L 2 pΩ, gq is associated to the Schrödinger operator ∆`Ṽ on L 2 pΓq withṼ a potential on the waveguide Γ. Remark that, identifying L 2 pΓq and L 2 pΩ, gq, if we denote dv a volume element of Γ, this operator is associated to the sesquilinear formQ defined bỹ
with appropriate domain (H 1 0 for Dirichlet boundary conditions, H 1 for Neumann boundary conditions) and with V " LṼ L. Since the formQ is densly defined, symmetric and closed on its domain, we can associated to it a unique self-adjoint operatorH defined, for ψ P DpHq, bỹ
To simplify computations, we transformH into a unitary equivalent operator H. To do this, we use the unitary transformation U : ψ Þ Ñ |g| 1{4 ψ. By defining H " UHU´1, we obtain Hψ "´B y g´1 11 B y ψ´n ÿ
Remark that with our choice of h, for all k " 2,¨¨¨, n, B 2 σ k h " 0 and g kk " 1.
3.2.
A Limiting Absorption Principle far from threshods. Now, we will prove a Limiting Absorption Principle far from thesholds. To do this, we will use Mourre theorem and for this reason, we have to find a conjugate operator. As we saw previously (c.f. Section 2), it seems necssary to take for conjugate operator an operator only in the unbounded direction of the waveguide.
As for the Euclidian space R n , a natural conjugate operator to use is the generator of dilations (see [CFKS08, Mou81, Mou83, KTdA04] ). To apply Mourre theorem, it is sufficient to assume the following: : Under these assumptions and under similar assumptions for the decay of V than in theorem 1.1, spectral results of theorem 1.1 stay true for H a Schrödinger operator on L 2 pΓq. Remark that the fact that σ ess pHq " rν, 8q, with ν the first eigenvalue of the Dirichlet Laplacian on L 2 pΣq does not depend of the fact that B
which does not change the essential spectrum of H 0 "´B y g´1 11 B y´ř n k"2 B σ k g´1 kk B σ k . Since derivatives of h can be written as a function of coefficients of the matrix R and of derivatives of coefficients of the matrix K, all assumptions on derivatives of h can be written as assumptions on curvatures:
Assumption 3.3 (Assumption 3.4 de [KTdA04] ). For all α P t2,¨¨¨, nu,
We can see that using the generator of dilations as conjugate operator impose that curvatures have to be regular functions and that some of their derivatives have some decay at infinity.
To generalize this result, we can choose an other conjugate operator which avoid us to take derivative of the potential W . Let λ : R Ñ R a C 8 function, positive, bounded, with all derivatives bounded such that for all α P N, y Ñ yB α y λpyq is bounded . Let A u " 1 2 pyp y λpp y q`λpp y qp y yq with p y "´iB y . In [ABdMG96, Theorem 4.2.3], we can see that A u is essentially self-adjoint with domain C 8 c pRq. Let H 1 " H´V . We will compute the first commutator define as a form on DpH 1 q X DpA u q: rH 1 , iA u s " rp y , iA u sh´2p y`py rh´2, iA u sp y`py h´2rp y , iA u s rW, iA u s " p y λpp y qh´2p y`py h´2p y λpp y q`p y rh´2, iA u sp ỳ rW, iA u s
We can remark that if we suppose that there is a constant a ą 0 such that h´2py, σq ě a, for all py, σq P Ω then 2p y λpp y q 1{2 h´2λpp y q 1{2 p y ě 0.
In particular, far from thresholds (far from T ), this term will give us positivity, necessary to the obtention of Mourre estimate. Now we will give some sufficient assumptions to have the good regularity Assumption 3.4. Let h such that
(1) h´2 is bounded.
(2) hpy, σq Ñ 1 when |y| Ñ 8; (3) ther is b ą 0 tel que h´2py, σq ě b for all py, σq P Ω.
(4) there is θ ą 0 such that, iniformly in σ P Σ,
pB k hq 2 py, σq " Op|y|´p 1`θand B y hpy, σq " Op|y|´p 1`θq q.
Under these assumptions, we have the following result: We can remark that if we assume that B 2 y hpy, σq goes to 0 when |y| Ñ 8, uniformly in σ P Σ, then, if we suppose that V is ∆-compact and of class C In this way, we can prove that the commutator is bounded from H 1 to H´1 which implies that the first term of the right hand side of (3.2) is of class [ABdMG96] ). Since A u can be written A 1 b 1 Σ`1R b A 2 with A 2 " 0, using Theorem 2.9 of [KTdA04] , we can see that it is sufficient to prove that the Mourre estimate is true near all points of R`˚for H 0 " p y h´2p y with A u as conjugate operator to obtain a Mourre estimate near all points of pν,`8qzT for H with A u as conjugate operator, since ∆ Σ D has a pure point spectrum. Let λ P p0,`8q and φ P C 8 c pRq such that φpλq " 0. We will show that there exists a ą 0 and K compact such that φpH 0 qrH 0 , iA u sφpH 0 q ě aφpH 0 q 2`K .
In the following, to simpify notations, we denote K k , k P N some compact operators. By (3.2), we have
Remark that the two last terms of the right hand side are compact from H 1 y to H´1 y which implies that we have
By a simple computation, we have pH 0`i q´1´pp 2 y`i q´1 " pH 0`i q´1p y p1´h´2qp y pp 2 y`i q´1. Since hpy, σq Ñ 1 when |y| Ñ 8 uniformly in σ P Σ, this implies that pH 0`i q´1ṕ p 2 y`i q´1 is compact. By Lemma 7.2.8 of [ABdMG96] , we deduce that φpH 0 q´φpp 2 y q is compact. Using (3.3), we thus have
By choosing φ such that φpαq " 0 for all α ă ǫ, since h est bornée etis bounded and λ is positive, we deuce that there is a ą 0 such that
Therefore, the Mourre estimate is true for H 0 with A u as conjugate operator near all points of R`˚which implies that the Mourre estimate is true for H with A u as conjugate operator near all points of pν,`8qzT . Theorem 3.5 is then a consequence of Mourre Theorem. l
We can remark again that, since the conjugate operator does not depends on the bounded direction of the waveguide, boundary conditions does not appear. In particular, if Γ is a waveguide with a boundary with enough regularity (at least C 1 ), we can define at all points of BΓ a tangent space and thus a normal derivative at the boundary. Since L is a diffeomorphism, it sends tangent spaces of Γ into tangent spaces of Ω. Theredore, Neumann/Robin boundary conditions on Γ are transform into Neumann/Robin boundary conditions on Ω. In particular, with a similar proof, Theorem 3.5 stays true if we replace Dirichlet boundary conditions by Neumann or Robin boundary conditions.
Using the particular form of h, we can translate assumptions 3.4 into assumptions on curvatures κ k : Assumption 3.6. assume that κ 1 P L 8 with sup
there is θ ą 0 such that
We can remark that if κ 1 P L 8 and if sup σPΣ |σ|}κ 1 } 8 ă 1 then h´2 is bounded and there is b ą 0 such that h´2py, σq ě b for all py, σq P Ω. Denoting that ř n k"2 pB σ k hq 2 py, σq " κ 2 1 , we can remark that these assumptions implies assumptions 3.4. Thus we can write Theorem 3.5 with assumptions on curvatures: Remark that the use of an operator A u at the place of the generator of dilations, usually used, permits two improvements. In a first time, we can avoid to impose conditions on pκ k q k"3,¨¨¨,n and on derivatives of κ 2 . Moreover, we can remark that if κ 1 goes quickly to 0 at infinity, κ 2 is not necesseraly bounded. Moreover, no conditions on derivatives of order higher or equal to 2 of κ 1 are impose, we can take as curvatures κ k functions with high oscillations. The second remark we can do is that, as in [Mar18b] , the use of A u permits to treat a larger class of potential, without assuming for example that the potential is a regular function or is ∆-compact. 
This implies that
Using that rGpyq, iAs "´F pyqG 1 pyq for all functions G : R Ñ R and that g 11 " h 2 , we have rH, iAs " 2p y F 1 pyqh´2py, σqp y´1 2 F 3 pyqh´2py, σq`F 2 pyqB y hpy, σqh´3py, σq 2p y F pyqB y hpy, σqh´3py, σqp y´F pyqB y pV`W q " 2p y h´2`F 1 pyq`F pyqB y hh´1˘p ý 1 2 F 3 pyqh´2`F 2 pyqB y hh´3´F pyqB y pV`W q.
To apply the method of the weakly conjugate operator, the commutator has to be nonnegative. Thus, assume the following Assumption 3.8. Assume that for all py, σq P Ω,
(1) F 1 pyq`F pyqB y hpy, σqh´1py, σq ą 0 is bounded; (2) py, σq Þ Ñ F pyqB y pV`W qpy, σq is bounded; (3)´1 2 F 3 pyqh´2py, σq`F 2 pyqB y hpy, σqh´3py, σq´F pyqB y pV`W qpy, σq ě 0 is bounded.
Under these assumptions, S " rH, iAs is non-negative and injective. Moreover, exppitAq leaves invariant G " DpS 1{2 q " H We can remark that if F 1 is bounded, then, the first term of the right hand side is bounded from S to S˚.
By a simple computation, we have:
F pyqB y`h´2 pF 1 pyq`F pyqB y hh´1q"´2 F pyqB y hh´1`h´2pF 1 pyq`F pyqB y hh´1qF pyqh´2`F 2 pyq`F 1 pyqB y hh´1`F pyqB 2 y hh´1´F pyqpB y hq 2 h´2˘.(3.5)
Since F 1 is bounded, we can see that assumptions 3.8 imply that F pyqB y hh´1 is bounded. In particular, the first term of the right hand side is bounded from above bỳ h´2pF 1 pyq`F pyqB y hh´1q˘. Thus, to get conditions on the second order commutator, it suffices to assume the following: Assumption 3.9. For all py, σq P Ω, let Gpy, σq " F 1 pyq`F pyqB y hpy, σqh´1py, σq and W 1 py, σq "´1 2 F 3 pyqh´2py, σq`F 2 pyqB y hpy, σqh´3py, σq´F pyqB y pV`W qpy, σq.
Assume that for all py, σq P Ω,
(1) there is C 1 ą 0 such thaťˇF pyqpF 2 pyq`F 1 pyqB y hh´1`F pyqB 2 y hh´1´F pyqpB y hq 2 h´2qˇˇď C 1 Gpy, σq;
(2) there is C 2 ą 0 such thaťˇˇˇ´B y`F 2 pyqh´2py, σqpF 1 pyq`F pyqB y hpy, σqh´1py, σqqF pyqB yˆ1 2 F 3 pyqh´2py, σq´F 2 pyqB y hpy, σqh´3py, σqṗ F pyqB y q 2 pV`W qpy, σqˇˇˇď C 2 W 1 py, σq.
We can remark that S " 2p y h´2Gp y`W1 . Thus, to show that rS, iAs is bounded from S to S˚, it suffices to show that rS, iAs can be bounded from above in the form sense by Cp y h´2Gp y`C 1 W 1 with C, C 1 ą 0 two constants. As it was said previously, since F 1 is bounded,the first term of the right hand side of (3.4) can be bounded from above in the form sense by 4}F 1 } L 8 p y h´2Gp y . Moreover, using (3.5), we can remark that, under assumptions 3.9, the function y Þ Ñ F pyqB y`h´2 pyqpF 1 pyq`F pyqB y hpyqh´1pyqq˘can be bounded from above by p2`C 1 qGh´2. Moreover, by assumptions, the sum of the three last terms of the right hand side of (3.4) can be bounded from above in the form sense by C 2 W 1 . Thus, we can show that rS, iAs is bounded from S to S˚which implies that S is of class C 1 pA, S, S˚q. As it was said previously, this regularity of the operator S implies that exppitAq leaves invariant the space S. Thus S is a good candidate to use the method of the weakly conjugate operator. Moreover, since S " rH, iAs, this regularity implies also that H is of class C 2 pA, S, S˚q. Therefore, we obtain the following:
Theorem 3.10. Assume that V P L 
